We demonstrate deceleration and trapping of methylfluoride (CH 3 F) molecules in the low-field-seeking component of the J = 1,K = 1 state using a combination of a conventional Stark decelerator and a traveling wave decelerator. The methylfluoride molecules are detected by nonresonant multiphoton ionization using a femtosecond laser. Subsequent mass and velocity selection of the produced ions enables us to eliminate most background signal resulting from thermal gas in our vacuum chamber. This detection method can be applied to virtually any molecule, thereby enhancing the scope of molecules that can be Stark decelerated. Methylfluoride is so far the heaviest and most complex molecule that has been decelerated to rest. Typically we trap 2 × 10 4 CH 3 F molecules at a peak density of 4.5 × 10 7 cm −3 and a temperature of 40 mK.
I. INTRODUCTION
Cold molecules offer unique prospects for precision tests of fundamental physics theories, cold chemistry, and quantum computation (see, for instance, [1] [2] [3] [4] ). One of the techniques that has been successful in producing samples of cold and trapped molecules is Stark deceleration. This technique uses a series of electrodes at high voltage to generate an effective [5] [6] [7] or genuine [8] [9] [10] traveling potential well that moves along with molecules in a beam. By gradually lowering the velocity of the moving potential, molecules are decelerated and ultimately brought to a standstill. Stark deceleration has been applied to many molecules, including CO(a 3 ), ND 3 , NH 3 , OH, OD, NH(a 1 ), H 2 CO, SO 2 , CaF, YbF, C 7 H 5 N, and SrF [3] . So far (isotopomers of) four of these molecules, NH 3 , OH, CO, and NH, have been brought to a standstill and subsequently confined in an electrostatic trap. For the success of Stark deceleration it is important that techniques are developed to increase the density and decrease the temperature of the trapped molecules, but also that the techniques become more general and can be applied to larger and heavier molecules. Here, we demonstrate deceleration and trapping of methylfluoride (CH 3 F) molecules, the largest and heaviest molecule that has been trapped using Stark deceleration so far. Methylfluoride is of interest for a number of reasons: (i) it is highly polarizable [11] and hence serves as a benchmark for studying steric effects in chemical reactions [12] , (ii) it is a model system for ortho-para conversion [13] , (iii) its structure makes it suitable for use in quantum computation and simulation schemes [14, 15] , and (iv) it can be further cooled by electrical-optical cooling [16] . Methylfluoride, as most polyatomic molecules, has no suitable transitions for detection via laser-induced fluorescence (LIF) or resonance-enhanced multiphoton ionization (REMPI) schemes that have been used in previous experiments on Stark deceleration. In this work, we detect methylfluoride molecules by nonresonant multiphoton ionization using a femtosecond laser. Subsequent mass and velocity selection of the produced ions enables us to eliminate most background signal resulting from thermal gas in our vacuum chamber. This detection scheme can be applied to virtually any molecule, thereby greatly enhancing the scope of molecules that can be Stark decelerated. Furthermore, the well-defined detection volume allows an accurate determination of the density of trapped molecules.
II. STARK SHIFT OF METHYLFLUORIDE MOLECULES
Methylfluoride, CH 3 F, schematically depicted in the righthand side of Fig. 1 , is a prototypical symmetric top molecule. The barrier for inversion in CH 3 F is very large; hence, the inversion splitting is predicted to be much smaller than the hyperfine splittings [17] . Consequently, hyperfine levels with opposite parity are completely mixed in electric fields as small as 1 V/cm [11] , resulting in a linear Stark shift. In a supersonic expansion, molecules are adiabatically cooled, and only the lowest rotational levels in the vibrational and electronic ground state are populated. In this cooling process, the symmetry of the nuclear spin wave function is preserved. Therefore, the ratio of ortho-to para-methylfluoride is the same in the beam as it is in the reservoir. Figure 1 shows the distribution over different rotational levels in a molecular beam with a temperature of 5 K as a function of the Stark shift at 90 kV/cm (the maximum electric field on the molecular beam axis in our Stark decelerator). For the settings used in our experiment, molecules in states that have a Stark shift larger than 0.8 cm
at 90 kV/cm are decelerated in a phase-stable fashion. This implies that only molecules in the |J,MK = |1,−1 state, the ground state of para-methylfluoride that is populated by 11% of the beam, are decelerated.
III. EXPERIMENTAL SETUP
The experiments described in this paper are performed in a vertical molecular beam machine that was used earlier to decelerate and trap ammonia molecules [10, 19, 20] . A mixture of 5% methylfluoride molecules in xenon is released into vacuum using a pulsed valve (General Valve Series 9) that is cooled to 173 K, resulting in a beam with an average velocity of around 315 m/s and a velocity spread of 60 m/s. Methylfluoride molecules in the |J,MK = |1,−1 state are decelerated to 90-150 m/s using a conventional Stark decelerator consisting of 101 pairs of electrodes to which voltages of +10 kV and −10 kV are applied. The traveling-wave decelerator, which is mounted 24 mm above the last electrode pair of the first decelerator, consists of a series of 336 rings, each of which is attached to one of eight stainless steel rods to which voltages of up to ±5 kV are applied. At any moment in time, the voltages applied to successive ring electrodes follow a sinusoidal pattern in z, where z is the position along the beam axis. These voltages create minima of electric field every 6 mm that act as three-dimensional (3D) traps for weak-field-seeking molecules. By modulating the voltages sinusoidally in time, the traps are moved along the decelerator; a constant modulation frequency results in a trap that moves with a constant positive velocity along the molecular beam axis, while a constant acceleration can be achieved by applying a linear chirp to the frequency [8, 9] .
The molecules are ionized 20 mm above the travelingwave decelerator using pulses of light from a commercial laser system consisting of a titanium:sapphire oscillator (Spectra-Physics, Tsunami) and a chirped regenerative amplifier (Spectra-Physics, Spitfire Pro). Using a 300-mm lens, the fundamental laser output at 800 nm (2 mJ per pulse, τ = 150 fs) is focused to a (1/e) spot size of 25 × 15 μm 2 , giving a peak intensity of above 10 14 W/cm 2 . This intensity is sufficient to ionize virtually any molecule in the laser focus. Using an ion lens, the produced ions are focused onto a double microchannel plate (MCP) mounted in front of a fast response (1/e time ∼10 ns) phosphor screen (Photonis P-47 MgO). The light of the phosphor screen is imaged onto a CCD camera and monitored by a photomultiplier tube (PMT). By applying voltages of 2 and 1.1 kV to the first and second extraction plate, respectively, ions with the same initial velocity are focused at the same position on the detector (velocity map imaging (VMI) [21] ). A mask on the back side of the phosphor screen is used to pass light from the central part of the image onto a photomultiplier only, thereby collecting light originating from molecules with a small transverse velocity [22] . In this way we can discriminate signal from the (decelerated) beam from signal originating from thermal gas in the chamber [23] . The signal from the PMT is digitized and ions with an arrival time that corresponds to mass 34 (CH 3 F + ) and 15 (CH + 3 ) are monitored. Figure 2 shows experimental time-of-flight (TOF) profiles for decelerated methylfluoride molecules when different waveforms are applied to the traveling-wave decelerator. The position of the electric field minimum with respect to the beginning of the traveling-wave decelerator as a function of time is shown in the inset. The horizontal axis is always centered around the expected arrival time of the molecules. The blue, red, and green curves correspond to the situation where molecules are decelerated using the conventional Stark decelerator from 282 to 150 m/s, 266 to 120 m/s, and 257 to 90 m/s, respectively. For the measurements shown in the upper graph, the traveling-wave decelerator is used to guide the molecules at a constant speed. The observed decrease in signal from 150 to 90 m/s is mainly attributed to the lower intensity at the starting velocity in the Stark decelerator.
IV. DECELERATING AND TRAPPING METHYLFLUORIDE MOLECULES
The middle panel of Fig. 2 shows similar measurements when waveforms are applied to the traveling-wave decelerator that decelerate molecules with a rate of 48 × 10 3 , 30 × 10 3 , and 17 × 10 3 m/s 2 , respectively, bring them to a standstill in the middle of the decelerator, trap them for 50 ms, and subsequently accelerate them to their original velocity with an opposite acceleration. The signal for trapped molecules starting from 90 m/s is virtually the same as that of guided molecules at this velocity, which again demonstrates that, at a sufficiently low acceleration, a traveling-wave decelerator can decelerate and trap molecules without losses [20] . For 120 m/s the required acceleration is close to the maximal acceleration that can be exerted on methylfluoride molecules in our decelerator and the trapped signal is about a factor of 2 smaller than that of the guided molecules. For 150 m/s no trapped signal is observed. The bottom panel of Fig. 2 shows measurements when a waveform is applied to bring methylfluoride molecules to a standstill near the end of the traveling-wave decelerator, move them back to the beginning of the decelerator, and accelerate them to their original velocity. Effectively, this doubles the length of the decelerator and halves the required acceleration, thus making it possible to trap molecules that are injected with a large velocity. As observed, however, the slingshot sequence introduces some additional losses. For molecules that are injected with 90 m/s, the intensity of molecules that were decelerated with the "slingshot" waveform is 50% smaller than the guided or trapped molecules. For molecules that are injected with 120 m/s the intensity is 55% smaller than the guided molecules, but twofold larger than the trapped signal. For molecules that are injected with 150 m/s the intensity is fivefold smaller than the guided molecules [24] .
V. TEMPERATURE AND DENSITY OF TRAPPED METHYLFLUORIDE MOLECULES
We determine the temperature of the trapped molecules by lowering the depth of the trap and monitor which fraction of the molecules remains. If the temperature of the cloud is much lower than the trap depth, the voltages can be lowered without substantial losses. If, on the other hand, the temperature of the cloud is essentially the same as the trap depth, a large loss will occur when the voltages are lowered only slightly. Note that if the voltages are lowered slowly, the molecules are also cooled adiabatically; the velocity spread of the trapped molecules is lowered at the expense of an increased position spread [10, 19, 20] . Figure 3(a) shows the result of such an experiment. The solid lines denote results from simulations assuming (initial) temperatures of 30, 40, and 60 mK. From this we conclude that the temperature of the trapped methylfluoride molecules is around 40 mK.
In order to translate the number of detected ions into the density and the total number of trapped methylfluoride molecules, we need to know the detection volume. For a highly nonlinear process this turns out to be remarkably simple. As at least eight photons are required to ionize methylfluoride, we expect that if the laser light is of low intensity the ion signal scales with the eighth power of the intensity. At higher intensities, however, virtually all molecules within a certain distance from the laser focus will be ionized. If the laser intensity is increased further, the increase in signal only reflects the increase of the detection volume. For a laser beam with a Gaussian intensity profile of peak intensity I 0 and intensity 
with α the detector efficiency, c the density of molecules, l the length over which ions are collected along the direction of laser propagation, and I sat a characteristic intensity that indicates the relative ease of ionization for a certain molecule. Figure 3(b) shows the ion signal for methylfluoride and xenon recorded in the undecelerated molecular beam as a function of the pulse energy. The solid lines show fits to the data using Eq. (1), where the peak intensity I 0 is related to the pulse energy P via I 0 ≈ P /πR 2 τ , with τ the pulse duration. By scaling our data to the saturation intensity for xenon, I sat = 63 TW/cm 2 [26] , we find a beam radius R = 41 μm. This is somewhat larger than the one inferred from measurements of the spatial extent of the beam at the lens, which is attributed to the fact that the spatial profile of our laser beam is not perfectly Gaussian. The saturation intensity of CH 3 F is then found to be 95 TW/cm 2 , in reasonable agreement with Tanaka et al. [27] . Taking the efficiency of our MCP detector, α, to be 0.6 [28] and l to be 2.8 mm, we finally find the CH 3 F density in the beam to be 2.6 × 10 7 cm −3 , and the xenon density to be 5.5 × 10 8 cm −3 . Typically, the signal for trapped CH 3 F molecules is ∼14 times less than that of the beam. Taking into account that the cloud expands slightly from the decelerator to the detection region, this implies that our trap contains about 2 × 10 4 molecules at a peak density of 4.5 × 10 7 cm −3 .
VI. CONCLUSION
In conclusion, we have decelerated and trapped methylfluoride (CH 3 F) molecules using a combination of a Stark decelerator and a traveling-wave decelerator. Because of its favorable ratio of Stark shift to mass, methylfluoride is an ideal candidate for Stark-deceleration experiments [3, 29] . Here, we detect methylfluoride molecules by nonresonant multiphoton ionization using a femtosecond laser. This detection method can be applied to virtually any molecule, thereby enhancing the scope of molecules that can be Stark decelerated. Furthermore, we show that this detection scheme can be used to accurately determine the density of trapped molecules. A disadvantage of nonresonant multiphoton ionization is that it is not state selective; however, we show that rotational cooling in the supersonic expansion combined with state selection in the Stark decelerator provides us with a pure sample of para-methylfluoride in the rotational ground state. Furthermore, we show that by using velocity map imaging and mass selection we can suppress signals from thermal gas in our chamber. With a more elaborate VMI setup, the background can be suppressed further. Methylfluoride is so far the heaviest and most complex molecule that has been decelerated to rest. By increasing the length of the traveling-wave decelerator [30] or starting from a buffer gas beam [31, 32] , even heavier molecules could be trapped, opening up the study of cold large polyatomic molecules.
